In this work the spectroscopic performance of a pnCCD detector in the ultrahard energy range between 40 and 140 keV is tested by means of an energydispersive Laue diffraction experiment on a GaAs crystal. About 100 Bragg peaks were collected in a single-shot exposure of the arbitrarily oriented sample to white synchrotron radiation provided by a wiggler at BESSY II and resolved in a large reciprocal-space volume. The positions and energies of individual Laue spots could be determined with a spatial accuracy of less than one pixel and a relative energy resolution better than 1%. In this way the unit-cell parameters of GaAs were extracted with an accuracy of 0.5%, allowing for a complete indexing of the recorded Laue pattern. Despite the low quantum efficiency of the pnCCD (below 7%), experimental structure factors could be obtained from the three-dimensional data sets, taking into account photoelectric absorption as well as Compton scattering processes inside the detector. The agreement between measured and theoretical kinematical structure factors calculated from the known crystal structure is of the order of 10%. The results of this experiment demonstrate the potential of pnCCD detectors for applications in X-ray structure analysis using the complete energy spectrum of synchrotron radiation.
Introduction
Structures of inorganic materials or crystals of macromolecules are usually investigated by means of X-ray diffraction techniques. Nowadays, the use of highly brilliant synchrotron radiation allows for precise unit-cell determination as well as structure refinement on an atomic level. However, in many applications the availability of structural information is restricted because only small reciprocal data volumes can be accessed. This lack of information is caused by the low-dimensional resolution provided by conventional X-ray detectors. On the one hand, two-dimensional CCDs are widely used for data collection. Since the energy resolution of a standard CCD does not suffice to measure energies of incident photons with high precision, the experiment needs to be performed with monochromatic X-rays. Moreover, rotation of the crystal is required in this case in order to fulfil Bragg's law for a large number of reflections. In applications using energy-insensitive area detectors and pink X-ray beams in macromolecular crystallography (Helliwell et al., 1989; Cornaby et al., 2010) , those using Laue microdiffraction to study the mechanical properties of inorganic samples (Tamura et al., 2003; Chen et al., 2012; Hofmann et al., 2012) , and for complete structure investigation using a serial snapshot crys-ISSN 1600-5767 # 2016 International Union of Crystallography tallography approach (Dejoie et al., 2013 ), structure analysis is mostly possible with a priori knowledge of the unit-cell parameters of the sample. On the other hand, energy-dispersive point detectors (EDDs) serve to record complete energy spectra of X-rays at a well defined position in space. Under this condition, many Laue spots of the crystal can be excited at the same time by means of white-beam X-ray exposure and measured sequentially. The dimensionality of EDD-generated data is increased by using arrays of EDDs, enabling energydispersive X-ray detection along one axis. In such diffraction experiments the crystal can be illuminated in a fixed geometry, whereas the detector needs to be moved in the plane of detection. Generally, scanning techniques using EDDs are time consuming and do not provide the required position resolution for precise structure analysis. The Pilatus and XPad single-photon-counting detectors, which provide an energy resolution in a similar range to a pnCCD, can also be used to recover the energy of a diffraction peak, by the scanning of a low-energy threshold (Kraft et al., 2009; Medjoubi et al., 2012) . However, energy determination is possible at one selected energy only and it is rather time consuming. Indexing of several Bragg reflections simultaneously is impossible. There exists some previous work (Ravelli et al., 1996; Carr et al., 1992) demonstrating methods of indexing Laue patterns and successfully extracting unit-cell dimensions based on the knowledge of the smallest diffracted wavelength.
In contrast to CCDs and EDDs, pn-junction charge coupled devices (pnCCDs) allow for an efficient combination of twodimensional position resolution and energy resolution of incident X-rays. From a conceptual point of view a pnCCD can be considered as an energy-dispersive area detector which, in terms of its pixel structure, is composed of many monolithically integrated individual energy-selective point detectors. Originally, pnCCD detectors were developed for X-ray astronomy, their spectroscopic performance being demonstrated within the scope of the space mission XMM-Newton (Strü der et al., 2001) . Besides their capability of resolving single photons, pnCCDs serve as fast integrating area detectors with a high dynamic range and a variable cycle time, making them suitable to detect intense soft X-ray pulses at free electron lasers Chapman et al., 2011) . A new generation of pnCCDs with frame store operation (Meidinger et al., 2006) , whose spatial resolution is conserved during the readout time of the accumulated image, can be used for X-ray spectroscopy at higher count rates. In particular, frame store pnCCDs with larger chip sizes and lower noise levels were developed for the eROSITA satellite mission Schä chner et al., 2010 ). An alternative operation concept for pnCCDs is realized in the so-called split frame mode which has the advantage of a reduced cycle time for high-speed applications (Ordavo et al., 2011) . This readout scheme was used to resolve elemental distributions in mineralogical (Nowak et al., 2015) and archaeological samples (Reiche et al., 2013) by means of full-field X-ray fluorescence methods.
In a first application with white synchrotron radiation, the three-dimensional resolution of a pnCCD was tested in a GISAXS experiment on an organic multilayer at the EDR beamline of BESSY II in Berlin (Leitenberger et al., 2008) . A similar setup served to detect temperature-induced interdiffusion processes in an FePt multilayer across the absorption edges of the sample (Abboud et al., 2011) . In this application, exploiting also the time resolution of the pnCCD, fourdimensional data sets were generated, containing the desired structural information about the material. Moreover, pnCCD systems have been applied for energy-dispersive Laue diffraction techniques in inorganic and macromolecular crystallography (Send et al., 2009 (Send et al., , 2012 . It was shown that both for single-and for polycrystalline materials unit-cell determination can be achieved with high accuracy by energy resolution of the recorded Laue pattern and conversion of the threedimensional spot coordinates into reciprocal space. In this way, structural information is extracted without a priori knowledge and sample rotation, providing a completely indexed Laue pattern of the crystal. Recently, the spatial and energetic profiles of individual Bragg peaks generated by a deformed Cu crystal were resolved to identify dislocations inside the sample . In future applications, energy-dispersive Laue diffraction will be supported by GPUbased software tools for fast online data analysis in near real time (Alghabi et al., 2014) .
Presently, the University of Siegen is equipped with a frame store pnCCD module with a sensitive quadratic area of 28.8 Â 28.8 mm. The detector volume consists of a fully sideward depleted n À -Si layer of 450 mm thickness subdivided into an image area of 384 Â 384 pixels (pixel size 75 Â 75 mm) and an adjacent shielded frame store area (pixel size 75 Â 51 mm) with the same number of pixels. X-ray generated charge signals are accumulated in the image area for an externally defined integration time and rapidly shifted to the frame store area within 230 ms (600 ns per row). After on-chip amplification at a low noise level, the column parallel readout of the stored image is achieved within 11.5 ms (30 ms per row) by means of three CAMEX chips with 128 channels each. Under these conditions, the pnCCD is usually operated at a frame rate of 87 Hz and in a high-gain mode with a mean dark noise of about 8 e À (r.m.s.) per pixel. The detector used in this work is equivalent to a smaller version with 128 Â 128 pixels whose performance for X-ray spectroscopy and X-ray imaging was investigated in a previous study in terms of quantum efficiency, energy resolution, time resolution and count-rate capability . A new centre-of-gravity method allowed the position resolution of pnCCDs with a pixel size of 75 Â 75 mm to be improved to about 2 mm .
Until now pnCCD detectors have been applied for X-ray diffraction experiments with white synchrotron radiation in the energy range between 5 and 35 keV provided by bending magnets. In this work the Laue pattern of a GaAs single crystal obtained in a single-shot exposure of the sample to ultra-hard X-rays between 40 and 140 keV is analysed. It will be demonstrated that the spectroscopic performance of the pnCCD in this energy range is sufficient for unit-cell determination and the calculation of kinematical structure factors. The experiment was performed at the energy-dispersive diffraction (EDDI) beamline at BESSY II in Berlin (Genzel et al., 2007) with white synchrotron radiation generated by a 7 T multipole wiggler. The use of a broad energy spectrum of hard X-rays for energy-dispersive Laue diffraction offers additional advantages for structure analysis. Owing to the high energy, the part of the Ewald sphere covered by a two-dimensional detector is rather flat, allowing for access to a larger reciprocal-space volume (Reichert et al., 2003; Liss et al., 2003) . In this way, the density of Laue spots to be collected in the relatively small detector area is significantly enhanced compared to previous experiments. Moreover, benefiting from the smaller absorption cross section of the photoelectric effect, hard X-rays create less radiation damage in crystalline materials, which is advantageous for anomalous diffraction experiments on organic materials in protein crystallography (Jakoncic et al., 2006) . On the other hand, Compton scattering is the dominant interaction process of high-energy photons in light materials and has to be considered for quantitative analyses.
2. The response of a pnCCD to hard X-rays X-ray photons interacting in the sensitive volume of a pnCCD create electron-hole pairs whose number depends on the X-ray energy. The electrons are separated from the holes by means of an electric field and drift into the pixel structure. In the energy range below 35 keV the diameter of the electron cloud is less than the pixel size. Under this condition the charge signal can be confined in one pixel (single event) or distributed over up to four pixels (split event). The simultaneous position, energy and time resolution of incident X-rays can only be maintained as long as the pnCCD is operated in the single-photon-counting (SPC) mode (Strü der, 2000) . Statistical considerations have shown that this condition is well fulfilled for mean count rates below 0.1 photons per pixel and frame , which is the rate estimated for irradiation of a single pixel. At higher count rates the occurrence of pile-up events generated by spatially overlapping charge clouds leads to a loss of the single-photon information.
The concept of energy-dispersive X-ray spectroscopy is based on a direct measurement of the number of electrons created by a photon in terms of a voltage signal. However, a precise energy determination can only be achieved if the X-ray energy is completely deposited within the detector by means of photoelectric absorption. In the case of the Compton effect only a part of the photon energy is transferred to an atomic electron, and the scattered photon might leave the detector volume without further interaction. The kinetic energy of the secondary electron is then converted into electron-hole pairs, providing incomplete energy information about the initial photon. The calculated linear absorption coefficients of Si for the photoelectric effect ( ph ) and the Compton effect ( co ) are shown in Fig. 1 in the X-ray range between 0.1 and 150 keV (Sanchez del Rio & Dejus, 1997) .
Though continuously decreasing above the Si K absorption edge the cross section of the photoelectric effect is sufficiently large to guarantee full sensitivity of the pnCCD, with a quantum efficiency of nearly 100% for X-ray energies below 8 keV. Up to 35 keV, corresponding to the upper limit previously used for energy-dispersive Laue diffraction, X-ray interactions in Si are strongly dominated by the photoelectric effect, allowing for X-ray spectroscopy with high energy resolution. At about 57 keV the probabilities of the photoelectric effect and the Compton effect are equal, whereas towards harder X-ray energies Compton interactions become dominant. The calculated quantum efficiency of the pnCCD amounts to 7% at 40 keV, 3.5% at 60 keV and below 2% above 100 keV.
The response and spectroscopic performance of the pnCCD in the hard X-ray regime were initially tested in an X-ray fluorescence experiment performed at the EDDI beamline. For that purpose, a white synchrotron beam with a broad usable energy range between 40 and 140 keV served to excite the complete fluorescence spectrum of a thin Pb layer. In order to resolve the K lines of Pb, including pile-up events, with the best possible accuracy the pnCCD was operated in a medium gain mode with an effective mean dark noise of 30 e À (r.m.s.), which is also suitable for energy-dispersive Laue diffraction with hard X-rays. Switching between different gains is done by switching between combinations of two amplifiers and four capacitors. So, the argument that the noise would decrease with decreasing gain is not valid in this case (Herrmann et al., 2008) .
Regarding the energy resolution, this is a relative overall energy resolution measured in % as ÁE/E and it typically decreases with increasing energy. The increase in the dark noise with a lower gain is understandable, as the absolute noise increases with increasing gain, whereas the relative noise decreases. Since the electron cloud may impact close to a pixel centre or at the border between two, three or four adjacent pixels the deposited charge is stored as a single, double, triple or quadruple event in the case of X-ray energies below 40 keV. ment after selecting single events and different types of split events is depicted in Fig. 2 . The spectrum is an integrated spectrum over the complete detector, issued from multiple pixels. The correlation in count rate between single and double events, and between triple and quadruple events, is due to the Compton effect. The low-energy electrons produce mostly singles and doubles. The absorption of hard X-rays is quite homogeneous across the detector; in this manner some unusual distributions are produced. However, this looks different for soft X-rays.
The spectrum presented in Fig. 2 is averaged over all pixels of the pnCCD after recording a large number of frames. It demonstrates that the detector is suited to being used as a fluorescence detector. The strong preference of singles and doubles is caused by low-energy electrons produced via the Compton effect, which produce smaller electron clouds compared to high-energy photons. All peaks in the spectrum are explained.
The identified peaks correspond to the expected Pb L fluorescence lines between 10 and 15 keV and the Pb K fluorescence lines between 72 and 88 keV, resulting from photoelectric interactions inside the detector. The spectrum itself is dominated by single and double events, both of which amount to about 40% of the data volume. Low-energy electrons generated by the Compton effect create relatively small charge clouds with radii below 10 mm, giving rise to single and double events. The energy spectrum of these electrons is limited by the Compton edges between 16 and 22 keV associated with the various Pb K lines. Above 40 keV a continuous background signal from air-scattered photons contributes to the measured spectrum and superimposes on the Pb K fluorescence lines up to the Pb K absorption edge at 88 keV. As the charge cloud radius of generated photoelectrons increases with X-ray energy the contributions of triple and quadruple events to the spectrum are more pronounced in this energy range. If the interaction depth in the detector is small, implying a long drift distance of the electrons into the pixel structure of the pnCCD, the charge clouds can even spread over more than four adjacent pixels to create so-called cluster events. In previous applications, clusters were solely generated by pile-up signals of two or more photons, which mainly occur at high local count rates . This effect is visible in the cluster spectrum in the energy range between 10 and 40 keV, where Pb L fluorescence signals overlap with themselves and with low-energy electrons.
Single-photon counting requires that on average not more than one photon is registered by a single pixel. Considering double, triple and higher events (one electron cloud may load neighbouring pixels) and the probability for pile-ups the mean count rate in a frame has to be less than one -a value of 0.1 photons per pixel and frame is optimum. Reducing this particular value would suppress the measurement of weak reflections; higher values would suppress single-photon counting.
The pile-up probability is defined as the probability that two or more photons land on the same pixel (pixels) in the same period of time. This means that the probability depends on the count rates per frame and not the total incoming flux per second (average count rate), because we can increase the frame rate and hence decrease the pile-up probability without changing the average count rate. In order to quantify the energy resolution of the pnCCD in this experiment the fluorescence lines were fitted by means of Gaussian functions including a parabolic background. The best results could be obtained from single events detected with a larger signal-tonoise ratio than split events. In Table 1 , the identified fluorescence lines of Pb are listed, together with their tabulated energies (Thompson, 2009 ) and resolutions expressed in terms of the full width at half-maximum (FWHM) of the fitted Gaussian as well as the relative resolution ÁE/E, where ÁE = FWHM/2.355 is the standard deviation of the Gaussian. In three cases, a weighted mean value is given instead of exact energy values of two spectrally overlapping fluorescence lines based on their relative intensities. As an example, the Pb L signal consists of the dominating Pb L 1 line (E = 10 552 eV) and the Pb L 2 line (E = 104 50 eV), whose intensity is suppressed by about one order of magnitude in comparison to the Pb L 1 signal. Since the energy difference between the two components is smaller than the resolution of the pnCCD in this experiment, an average energy of 10 541 eV, denoted as the Pb L 1+2 signal, will be measured in this case. The FWHM of the Pb L lines is in the range between 500 and 700 eV, Energy spectrum detected by the pnCCD in an X-ray fluorescence experiment where a Pb foil was irradiated with white synchrotron radiation in the hard X-ray regime. The contributions of single, double, triple, quadruple and cluster events to the data pattern were separated. The intensity drop at 88 keV is caused by attenuation of the transmitted beam above the Pb K absorption edge. corresponding to a relative energy resolution of the order of 2%. In the hard X-ray regime the Pb K 2 , Pb K 1 and Pb K 2 lines were accordingly resolved with a relative energy resolution below 0.5%. The Pb K 1+3 signal contains contributions of the Pb K 1 line (E = 84 936 eV) and the Pb K 3 line (E = 84 450 eV), which are well separated from each other and of comparable intensity. Consequently, the achieved energy resolution is markedly degraded in this case. However, it can be clearly observed that although the FWHM increases on the absolute scale the relative resolution decreases towards harder X-ray energies. Since the Bragg peaks of a single crystal are characterized by a high monochromaticity, a relative energy resolution of about 0.5% can be expected from this measurement with respect to the energy-dispersive Laue diffraction experiment described in the next section. The Xpad and Pilatus detectors can only measure the energy indirectly through threshold techniques. Medjoubi et al. (2012) mentioned that the method of calibrating the Xpad detector is time consuming (long process, long upload, long iteration) and difficult to implement (flat field required for each energy), and the energy resolution that can be achieved cannot be lower than the residual dispersion of 470 eV for the CdTe sensor.
As for the Pilatus detector, the energy resolution is 9% for 16 keV and increases to around 14% for 8 keV using low gain (Kraft et al., 2009) .
The best theoretically available energy resolution with Sibased detectors like the pnCCD is given by the Fano limit of Si. The best pnCCDs for X-ray astronomy (2 e À equivalent noise charge) nearly reach this limit (Meidinger et al., 2006 ). An energy resolution of a few eV is only possible with superconducting detectors (transition edge sensors; Palosaari et al., 2015) .
The Xpad and Pilatus detectors as well as the pnCCD cannot compete with the energy resolution achieved by a monochromator scan, but the latter requires the rotation of the sample. The use of the pnCCD avoids the sample rotation and provides energy determination of many Bragg peaks simultaneously.
Energy-dispersive Laue diffraction
The potential of pnCCD detectors for energy-dispersive Laue diffraction with ultra-hard X-rays was investigated by illuminating a [111]-oriented GaAs single-crystalline wafer with white synchrotron radiation and analysing the energy spectra detected at the positions of the excited Laue spots. Bulk GaAs crystallizes in the cubic space group F43m (No. 216) with the lattice parameter a = 5.653 Å and a density of 5.315 g cm À3 . The structure is of zinc-blende type with four molecules per unit cell in a tetrahedral configuration arranged in a cubic face-centred lattice. Fig. 3 shows the setup for this experiment, performed in an air environment at the EDDI beamline of the storage ring BESSY II in Berlin. White synchrotron radiation with a beam size of 100 Â 100 mm provided by a 7 T multipole wiggler was used to generate a Laue pattern of GaAs recorded in transmission geometry. For data collection a GaAs single wafer of triangular shape with a thickness of 300 mm was mounted at a minimum distance of 41.0 (5) mm from the pnCCD and kept at room temperature. A circular Pb beam stop served to shield the pnCCD from the direct beam and to suppress background signals from air-scattered photons in the plane of detection. In order to match the incident X-ray flux with the cycle time of the pnCCD the primary beam was attenuated by means of various filters including a Pb layer of 200 mm thickness. Absorption in the filters, the air path of the synchrotron beam, and the parameters of the storage ring (Klein et al., 2005) and the wiggler were taken into account to simulate the X-ray spectrum at the sample position. It turned out that under the defined experimental conditions a broad X-ray spectrum with a sufficiently high photon flux between 40 and 140 keV could be used for energy-dispersive Laue diffraction on GaAs. The presence of an absorbing Pb layer gives rise to a visible deformation of the incident X-ray spectrum and a significant reduction of the background signal above the Pb K absorption edge at 88 keV.
Experimental
The pnCCD raw data sets consisted of 300 dark frames recorded in the absence of X-rays and 50 000 signal frames with the crystal exposed to white synchrotron radiation, acquired for one particular sample position and at a fixed detector position. Operating the pnCCD in a frame store mode with a cycle time of 11.5 ms, corresponding to an overall exposure time of 575 s, the count rate in the detector area was about 700 events per frame at a storage ring current of 300 mA. The noise, offset and common mode were calculated from the dark frames and subtracted from the real photon events accumulated in the signal frames according to the standard method described by Andritschke et al. (2008) . In order to apply linewise corrections of the raw data for gain and charge transfer losses inside the detector the Pb L 1+2 line analysed in the previously discussed X-ray fluorescence experiment (see x2) served as a calibration signal of the pnCCD channels with good statistics. In this case the transfer losses were described by a mean charge transfer inefficiency of 7.9 Â 10 À6 , which is negligible for many applications with white synchrotron radiation. Using an event threshold of 6, where = 30 e À (r.m.s.) is the mean dark noise of the detector in the selected gain mode including thermal and electronic noise components, real photon events could be extracted from the raw data volume. In the last step of preliminary data processing the raw amplitudes of adjacent pixels with a signal charge above the threshold were recombined to individual photon hits and assigned with a calibrated energy and two centre-of-mass coordinates (horizontal and vertical).
The Laue pattern of GaAs recorded by the pnCCD in this experiment after accumulating 50 000 signal frames during X-ray exposure of the sample is depicted in Fig. 4 . Considering the integrated intensity distribution in a logarithmic colour scale, the shadows of the beam stop and the triangular crystal surface are clearly visible. The background of air-scattered photons superimposed on the diffraction signals of the sample is relatively homogeneous across the image, whereas in the direct vicinity of the beam stop a larger background level was measured. Ninety-two Laue spots of GaAs could be identified by applying the sequential CPU-based algorithm for spot localization described by Alghabi et al. (2014) . Despite the beam cross section of 100 Â 100 mm the collected Bragg peaks covered areas with a minimum size of 5 Â 5 pixels in the plane of detection. This effect is mainly caused by the large penetration depth of the synchrotron beam in GaAs, being of the order of a few millimetres in the hard X-ray regime, along which Laue diffraction occurs. Angular-dependent parallax effects inside the pnCCD give rise to additional spatial broadening of the Laue spots of up to two pixels . In order to determine the positions, energies and integrated intensities of individual Bragg reflections with high accuracy a quadratic area of 11 Â 11 pixels was selected around the centre of each spot and used for spatial fitting and spectral analysis, including a suitable background correction (see x3.2). The Laue spots of the sample are marked as yellow dots/spots in Fig. 4 . Their horizontal and vertical pixel coordinates were calculated by fitting the measured intensity distribution in each region of interest with a two-dimensional Gaussian function. In this way, the Laue spots could be spatially resolved with a standard deviation of the order of the pixel width.
Spectral analysis
In previous applications it was demonstrated that as soon as the positions and energies of a sufficiently large number of Bragg peaks are known the unit cell of the crystal can be extracted from the pnCCD data sets without prior knowledge about the sample (Send et al., 2009 (Send et al., , 2012 . For polychromatic diffraction with the pnCCD, two noncollinear reflections are required to determine the orientation of a crystal. Three independent reflections determine the orientation and unitcell parameters of an unknown crystal (Busing & Levy, 1967) .
Although a large number of spots (position and energy) have been collected, selection criteria are enforced on the data sets (FWHM of each spot and position error) which reduce the number of usable spots (for indexing) to less than 5% in most cases.
Neglecting prior symmetry constraints, 3 measured Laue spots out of 92 were used to evaluate the crystal lattice. For structure analysis, higher harmonic reflections were suspended. Indexing of all reflections was performed after structure determination. In a second step, higher-order reflections were used to refine the structure parameters. For structure analysis the number of measured reflections should be as large as possible.
Referring to the discussions of the pnCCD response to hard X-rays in x2, the possibility of a safe energy determination is based on spectral analyses of photoelectric interactions inside the detector. Exemplarily, Laue pattern of GaAs recorded in a single exposure of the sample at a distance of 41 mm. Ninety-two Laue spots were collected within one pnCCD image, covering an area of 384 Â 384 pixels. The sample was irradiated with white synchrotron radiation at a position close to one of its corners. Owing to difficulties arising during detector fabrication, three channels with the column indices y = 38, y = 39 and y = 40 are insensitive to X-rays, resulting in a vertical stripe in the intensity distribution.
after unit-cell calculation and indexing identified as the 571 reflection of GaAs (x3.3).
The diffraction signal of the crystal was detected on top of a white background continuum in the energy range between 40 and 90 keV, whose shape coincides with the primary beam spectrum after normalization to the quantum efficiency of the pnCCD. The Bragg peak was fitted by means of a Gaussian with a parabolic background, and its energy amounts to E = 58.05 (37) keV, where the standard deviation ÁE = 370 eV of the Gaussian corresponds to an FWHM of 871 eV. In this case, the relative energy resolution ÁE/E = 0.64% is larger than the values obtained for the Pb K fluorescence lines (Table 1) , since besides single events also split events were considered for spectral analysis. At the determined energy the cross sections of photoelectric absorption and the Compton effect in Si are approximately equal. The spectrum of low-energy electrons generated by Compton-scattered photons of this energy extends up to the Compton edge at 10.75 keV, corresponding to the maximum kinetic energy transferred to the electron in the case of forward scattering. Above this edge the recorded spectrum shows the expected decay up to the inset of the primary beam at about 40 keV caused by air-scattered photons. Moreover, the Bragg peak is accompanied by strong fluorescence signals of the sample comprising the K and K lines of Ga and As between 9 and 12 keV (denoted as Ga/As in Fig. 5 ), which distribute homogeneously over the detector area. Owing to the degraded relative energy resolution at low photon energies in the selected gain mode only the Ga K line (E = 9243 eV) could be properly separated, whereas the Ga K line (E = 10264 eV) and the As K line (E = 10531 eV) overlap, while the As K line (E = 11731 eV) is of negligible intensity. Higher-order harmonics were statistically decoupled from the lower-order ones by means of appropriate software tools from the Poisson distribution of detected photon numbers. The high count rates at which the Bragg peak and the fluorescence lines of GaAs were detected give rise to a pile-up probability of about 20%. Different types of pile-up events could be identified in the measured energy spectrum.
Spatial overlaps of charge clouds created by photoelectric interactions of diffracted photons inside the pnCCD lead to pronounced peaks at integer multiples 2E and 3E of the spot energy. Pile-up events of fluorescence signals and diffraction signals of GaAs are detected in a distance range between 9 and 11 keV above the Bragg peak's energy and its multiples provided that both photons underwent a photoelectric interaction. Accordingly, overlaps of the Bragg peak with single Compton electrons generate signals above its energy in a range limited by the Compton edge. Additional pile-up effects can be observed in the low-energy part of the spectrum where different Compton electrons are simultaneously detected, giving rise to pile-up events below 20 keV. The pnCCD requires approximately less than 0.1 photons per frame in order to resolve single events. In the case of non-homogenous illuminations (such as a Laue experiment) this is hardly possible. Because Laue spots of different reflections have different intensities, and owing to the shape of the incident X-ray beam spectrum, the intensity of some Laue spots may exceed this limit and others may fall under. Decreasing the incident beam intensity further is not efficient as it would increase rapidly the measuring time. It is much more efficient to resolve pile-up signals as discussed before. In order to obtain structural information from the pnCCD data sets the energy spectrum recorded at the position of each identified Laue spot was extracted from the three-dimensional data volume and used for energy determination. To this end, the Bragg peaks of the crystal including different spatially overlapping diffraction orders were localized and separated from each other by means of statistical methods . The procedure of data analysis is as follows: (1) Applying Gaussian fit functions with a parabolic background, the individual Bragg peaks could be resolved in the complete accessible energy range between 40 and 140 keV provided by the wiggler. Taking into account single events and split events for fitting, more than 90% of the reflections were detected below 120 keV with a relative accuracy between 0.4 and 0.7%. Above 120 keV, a few Bragg peaks could be recorded with reduced statistics and thereby resolved with a degraded accuracy of about 1%, resulting from the low incident X-ray flux in this energy range. In total, 101 reflections of GaAs were identified in a three-dimensional space and assigned with two spatial coordinates and an energy coordinate, allowing for structure analysis.
Unit-cell determination and indexing
The crystallographic unit cell of GaAs with respect to the experimental coordinate system (Fig. 3) using the same methods as applied in the case of energydispersive Laue diffraction on -LiAlO 2 (Send et al., 2009) and hen egg-white lysozyme (Send et al., 2012) . The lattice structure results from the distribution of reciprocal lattice points which is obtained after converting the three-dimensional information (y, z, E) about the recorded Bragg peaks into reciprocal-space coordinates [equations (1)- (3) of Send et al. (2012) ]. In this experiment, the components q x , q y and q z of the scattering vector q associated with individual reflections could be resolved with absolute accuracies in the ranges q x < 0.1 Å À1 , q y < 0.2 Å À1 and q z < 0.2 Å
À1
. Fig. 6 shows the measured part of the reciprocal lattice of GaAs included within a cuboid confined by the intervals À5 q x 0 Å À1 , À15 q y 15 Å À1 and À17 q z 15 Å À1 . Compared with energy-dispersive Laue diffraction on -LiAlO 2 , whose lattice constants are similar to those of GaAs, the probed reciprocalspace volume is larger by about one order of magnitude. Moreover, though the absolute errors q x , q y and q z are increased as a consequence of the higher X-ray energy, the components of the scattering vector can be resolved with relative accuracies q x /q x , q y /q y and q z /q z of the same order.
The Minkowski-reduced basis (Minkowski, 1891) of the measured reciprocal lattice is computed by crystallographic reduction (Delaunay, 1933; Gauss, 1986 ) and least-squares refinement 
with the lattice parameters The recorded Laue pattern of GaAs after resolving the Bragg peaks' energies and converting the three-dimensional information into reciprocal-space coordinates. The Laue spots occupy reciprocal lattice points of GaAs in the defined coordinate system. same accuracy as those measured in an equivalent experiment with white synchrotron radiation between 15 and 35 keV (Send et al., 2009) . The conventional basis {a 1 ; a 2 ; a 3 } then served to find the Miller indices of each identified reflection of GaAs by projecting its scattering vector q onto the basis vectors and using the Laue equations. In this way, the recorded Laue pattern of GaAs comprising 101 observed Bragg peaks could be completely indexed with high accuracy (Fig. 7) , the absolute deviations of the calculated Miller indices (in floating point numbers) from integer values being below 10% for more than 90% of the spots. As discussed elsewhere , first-order reflections whose Miller indices are coprime can be separated from different harmonics by means of energy-dispersive Laue diffraction as soon as the unit cell has been determined from the data. The harmonics are only identified, indexed after unitcell determination and integrated, but they are not used to retrieve the cell parameters. If after statistical deconvolution there is a reliable intensity value remaining, the corresponding structure factor modulus is determined. Low-resolution data are generally missing in this experiment since the low-energy part of the primary beam spectrum had to be cut, which really did not affect the indexing process.
The highest identified harmonic of allowed first-order Bragg peaks becomes manifest in the 4 4 12 reflection with an energy of 120 keV, corresponding to the fourth order of 113. However, only the second and third order (226 and 339) with energies of 60 and 90 keV were observed in this case, whereas the first order (113) with an energy of 30 keV could not be excited by the primary beam spectrum. The indexed Laue pattern coincides with the results of simulations based on the theoretical unit-cell parameters and atomic structure of GaAs. In particular, the extinction rules of an ideal face-centred cubic lattice, requiring hkl to be all even or all odd in order to guarantee a non-vanishing structure factor (x3.4), are experimentally confirmed.
Potential for X-ray structure analysis
The precise determination of the atomic positions inside the unit cell by means of conventional structure analysis relies on the measurement of integrated intensities associated with the individual Bragg peaks of the crystal. In macromolecular crystallography, complex assemblies of a large number of atoms per unit cell (typically 1000) can be resolved with high spatial accuracy if a complete data set comprising of the order of 100 000 reflections of the sample is recorded (Einspahr & Weiss, 2012) . For that purpose, models of the crystal structure in question are refined against the recorded data on the basis of calculated and experimental structure factors extracted from the data. If the unit cell contains only a few atoms, a significantly lower number of collected Bragg peaks suffices for structure determination as the number of parameters to be refined is correspondingly reduced.
In kinematical scattering theory, the integrated intensity I hkl of a Bragg peak hkl can be expressed by
where C denotes a scale factor, " the energy-and angulardependent quantum efficiency of the pnCCD , I 0 the incoming intensity at the energy of the considered reflection, and F hkl the structure factor. L is the Lorentz factor for white-beam X-ray Laue diffraction on a spatially fixed crystal (Kalman, 1979) , P is the polarization factor (Kahn et al., 1982) and A is a correction accounting for absorption along the path of the diffracted beam inside the crystal. Neglecting anomalous dispersion corrections the theoretical structure factor of GaAs calculated from the known positions of the Ga and As atoms inside the unit cell amounts to
if h, k, l are all even or all odd and
otherwise. Here f Ga and f As denote the form factors and T Ga and T As the temperature-dependent Debye-Waller factors of Ga and As, respectively. In the case of a nonvanishing structure factor, provided that h, k and l are all even or all odd, the quadratic structure factor modulus is given by The Laue pattern of GaAs indexed with respect to the conventional unit cell of the crystal. Only the Bragg peak with the highest integrated intensity was assigned to the identified Laue spots in the figure, i.e. in the case of the overlapping of 571 and 10 14 2, only the dominant 571 is shown.
with n being an arbitrary integer. Since f Ga and f As as well as T Ga and T As have similar values, Bragg peaks of low intensity are expected if h þ k þ l ¼ AE2; AE6; AE10; . . ., whereas strong reflections occur if h þ k þ l ¼ 0; AE4; AE8; . . . or h þ k þ l ¼ AE1; AE3; AE5; . . . (i.e. if h, k, l are all odd).
In order to evaluate the potential of the pnCCD for X-ray structure analysis by means of energy-dispersive Laue diffraction with ultra-hard X-rays, experimental structure factor moduli jF exp hkl j of GaAs were extracted from the recorded data and compared with the theoretical values jF theo hkl j. In this step of data treatment the consideration of photoelectric interactions and the Compton effect inside the detector is crucial as both processes contribute to the diffraction signal of the crystal. Hence, the measured integrated intensity of a Bragg peak arises from
where I ph and I co are the numbers of diffracted photons that have undergone the photoelectric effect and the Compton effect, respectively. From the discussions in x3.2 the intensity I ph could be obtained by applying an appropriate method for spectral analysis (Fig. 5) . In a first step, the white background continuum between 40 and 90 keV was fitted by means of a parabola and subtracted from the Bragg peak of energy E and its pile-up events with Compton electrons and the Ga/As fluorescence lines. The remaining signal could then be integrated to the number of events containing one diffracted photon which created a photoelectric interaction within the pnCCD. The higher-order peaks occurring at integer multiples 2E, 3E, . . . of the spot energy including pile-up were accordingly integrated and added to this intensity with twofold weight, threefold weight and so on. However, this method of intensity determination can only be used as long as a single reflection was detected at the position of the considered Laue spot. In the case of two or more spatially overlapping harmonics, additional algorithms are required for statistical deconvolution of the recorded Bragg peaks . The corresponding number I co of Compton-scattered photons cannot directly be extracted from the measured energy spectrum since low-energy Compton electrons, being generated both by diffracted photons and by background radiation, do not provide information about the energy of the interacting photon. In particular, pile-up signals of those electrons give rise to classes of events from which neither the numbers nor the energies of Compton-scattered photons can be derived. Therefore, the intensity I co needs to be deduced from the previously determined number I ph of absorbed photons, with the absorption coefficients ph and co of the photoelectric effect and the Compton effect in Si (Fig. 1 ) evaluated at the spot energy, and the mean path length d of the diffracted beam inside the pnCCD:
In this way, an integrated intensity I hkl could be assigned to each identified Bragg peak of GaAs and used to extract the desired set fjF exp hkl jg of measured kinematical structure factor moduli according to equation (19) . In order to normalize the so-obtained values to the set fjF theo hkl jg of calculated structure factor moduli the scale factor C was defined by means of a least-squares method taking only strong reflections into account. The theoretical structure factors including anomalous dispersion corrections and Debye-Waller factors were computed using the program STF (Brennan & Cowan, 1992) . The indexed Bragg peaks of GaAs are listed in Table S1 (supporting information) together with their measured energies E, scattering angles 2, and contributions I ph and I co to the integrated intensity. For each reflection, a comparison between experimental and theoretical structure factor moduli (columns 6 and 7) is given in column 8 in terms of the relative deviation ÁF=jFj, where ÁF ¼ jjF theo hkl j À jF exp hkl jj and jFj ¼ jF theo hkl j. The agreement between experimental and theoretical structure factors is visualized in Fig. 8 . It can be seen that the agreement depends on the type of the considered Bragg peak: structure factor moduli of strong reflections fulfilling h þ k þ l ¼ 0; AE4; AE8; . . . or h þ k þ l ¼ AE1; AE3; AE5; . . . could be determined with a mean relative deviation of approximately 11% from the expected values. The sole exceptions are the 202 reflection and its harmonics 404 and 606 for which no reliable values could be obtained since their diffracted intensities were partially absorbed by the beam stop. In contrast, large deviations between measured and calculated structure factor moduli were obtained for weak reflections such as 046 and 266 and all symmetry-equivalent Bragg peaks fulfilling h þ k þ l ¼ 4n þ 2. This discrepancy results from the fact that in the case of a low structure factor modulus the intensity loss of the diffracted beam inside the crystal is dominated by X-ray absorption. In the last three columns of Table S1 the corresponding extinction lengths Ã ext for Laue diffraction in transmission geometry (Authier, 2001) are compared with the absorption lengths Ã abs ¼ 1= ( ¼ ph þ co ) of GaAs. For strong reflections, Ã abs is approximately one order of magnitude larger than Ã ext , whereas for weak reflections, Ã ext exceeds Ã abs , preventing the application of kinematical theory required for accurate structure factor determination.
Summary and conclusions
In this paper we discussed the application of a pnCCD detector for energy-dispersive Laue diffraction with ultra-hard X-rays in the energy range between 40 and 140 keV. For that purpose a GaAs single crystal of known structure was illuminated with highly brilliant white synchrotron radiation provided by a wiggler and analysed in transmission geometry by means of a single-shot exposure. Both in this application and within the scope of a prior X-ray fluorescence experiment on a Pb layer it could be demonstrated that the relative energy resolution of the pnCCD in the hard X-ray regime is of the order of 0.5%. Operated in a medium gain mode the detector system is simultaneously sensitive to the diffraction signal of the crystal and its isotropic fluorescence radiation, being resolved with a degraded relative accuracy of 2%. Despite the reduced quantum efficiency of the pnCCD (below 7% for X-ray energies above 40 keV), about 100 Bragg peaks could be collected within the energy-resolved Laue pattern of the GaAs crystal and resolved with sufficient statistics. Exploiting the three-dimensional information about individual Laue spots extracted from the pnCCD-generated data, the unit-cell parameters of GaAs were determined with relative errors of about 0.5%, in good agreement with the expected face-centred cubic structure. The achieved accuracy is comparable to the result of a previous energy-dispersive Laue diffraction experiment on tetragonal -LiAlO 2 with similar lattice constants in the energy range between 15 and 35 keV. The use of ultra-hard X-rays with a broad energy spectrum offers the clear advantage that the spot density in the plane of detection is significantly increased, allowing for a large number of reflections to be recorded within the relatively small pnCCD chip. As a result of the extended reciprocal-space volume, the extraction of structual information using a one-shot exposure, which until now has only been applied to investigating polycrystalline samples of macromolecules, can be extended to X-ray screening of inorganic crystals with lattice constants of the order of 5 Å . Moreover, the fact that unit-cell determination and indexing are possible without a priori information about the crystal using a fixed experimental setup without sample alignment and rotation is advantageous for many applications.
Rotation of the crystal would move the footprint on the sample. Applications that are greatly affected by this drawback are polycrystalline structure analysis and the determination of inter-and intra-granular interactions (Hofmann et al., 2009) .
We see the main field of application in the analysis of dynamical structure evolution of materials under external perturbation. Since the footprint stays always constant one is able to detect tiny changes in the position and energy of selected Bragg reflections at the same sample volume. In addition the method has potential uses in the study of polycrystalline materials. Since the crystal structure is known, each Laue spot can be indexed and can be related to a particular grain.
From a conceptual point of view pnCCD-based energy resolution of X-rays requires that the complete energy of the incident photon is deposited inside the detector volume as a result of a photoelectric interaction. In this case, contributions to spectral Bragg peaks are obtained whose energies need to be extracted from the data for structure analyses. However, in the ultra-hard X-ray regime the Compton effect predominantly occurs in Si, giving rise to low-energy electrons, while the scattered photon escapes from the detector volume in most cases. Hence, as it is not completely converted into electron-hole pairs, the energy of the primary photon cannot be deduced from the measured kinetic energy of the electron. In order to assign integrated intensities to the identified reflections of GaAs the contributions of both the photoelectric effect and the Compton effect as well as pile-up signals have to be considered. In this experiment, about 10 8 photons were diffracted by the crystal into the solid angle covered by the pnCCD and detected with an average quantum efficiency of 2.7%. At the Laue spot positions about 2.2 Â 10 6 photons in total created measurable signals by means of full (36%) or partial energy deposition (64%). Since the number of Compton-scattered photons could not be extracted directly from the low-energy part of the spectrum, it was calculated from the intensity of photons having undergone photoelectric interactions inside the pnCCD by taking the known absorption coefficients of Si into account. In the case of strong reflections, the agreement between the so-obtained kinematical structure factor moduli and the theoretical values of GaAs is satisfactory, being quantified by a mean relative deviation of about 11%. From the speed point of view, the system is not superior to similar systems; however, a rotationfree measurement is the main advantage of this system. In that respect, the potential of pnCCDs for X-ray structure analysis based on energy-dispersive Laue diffraction with white synchrotron radiation could be demonstrated over the complete experimentally accessible energy range provided by a storage ring.
The use of high-energy transmission Laue micro beam X-ray diffraction (Hofmann et al., 2012) extends the micro beam Laue technique to probe thicker sample sections and allows for the possibility of grain level characterizations. The Ewald sphere volume increases with the power 3 as the energy increases and hence there is a rapid increase in the number of collected diffraction spots.
The advantage of using hard X-rays is twofold: Owing to the low absorption coefficient of many materials in the hard X-ray range one is able to probe bulky samples in transmission; in addition the Ewald sphere is very large and almost flat in the detector plane. For the pnCCD with a relatively small active area, hard X-rays allow one to spot many Bragg reflections simultaneously. Given the image size of 384 Â 384 pixels, and research papers 232 Sebastian Send et al. Use of a pnCCD for energy-dispersive Laue diffraction the choice of a 5 Â 5 pixel area for peak processing, the upper limit of detectable non-overlapping reflections would be of the order of 300-500 reflections. We see the main advantage not in faster detection but rather in the ability to maintain the same probe volume during the experiment.
In this paper it has been demonstrated that even for Si detectors with low quantum efficiency it is possible to perform valuable experiments with highly energetic synchrotron radiation because the loss in quantum efficiency is mostly compensated by the high primary beam intensity.
